It has been shown that the coupling between the photoreduction of the oxidized form of dicliloroindophenol (an artificial electron acceptor) by thylakoids and the incident light intensity can lead to the appearance of multiple steady states when the system is operated under open conditions. In the present work, a numerical study and experimental evidence are presented on the occurrence of dissipative structures in an arrangement of two continuously stirred tank reactors with mutual mass exchange of dichloroindophenol through an inert membrane. The stable spatial structures are generated by the creation of transient internal and external asymmetries. A nontrivial hysteresis effect between symmetric and asymmetric stable steady states has been observed. (4) (5) (6) . Scriven and co-workers (7-9) and Martinez and Baer (10, 11) have extended and generalized the work of Turing and thus far have analyzed the onset to instability in arbitrary networks of compartments. The coexistence of multiple stationary solutions with properties similar to those described by Martinez and Scriven has been found also in distributed reaction-diffusion systems (12-16).
The use of well-stirred compartments to model cells rests on the assumption that transport into the cell is membrane-limited (1, 2) . The validity of this assumption appears reasonable for a broad class of solutes. Thus, groups of intercommunicating compartments with internal mass exchange and nonlinear reactions are widely used as models for cell growth in morphogenesis, multicellular-organism differentiation, and numerous physiological and pharmacokinetic systems. In particular, they emphasize the influence of mass transport between neighboring cells (or compartments) or between cells and the surrounding medium on the biochemical processes taking place within each individual cell.
In 1952, Turing (3) presented a theoretical description that dealt with the connection between fictitious autocatalytic chemical reactions and compartmentation. It was pointed out that the interaction of diffusive transport and nonlinear chemical kinetics can lead to instabilities of a concentration field, with the result that initially homogeneous domains develop regional nonuniformities. The idea that chemical reaction and diffusion can give rise to stable spatial patterns was further developed by Prigogine and co-workers (4) (5) (6) . Scriven and co-workers (7) (8) (9) and Martinez and Baer (10, 11) have extended and generalized the work of Turing and thus far have analyzed the onset to instability in arbitrary networks of compartments. The coexistence of multiple stationary solutions with properties similar to those described by Martinez and Scriven has been found also in distributed reaction-diffusion systems (12) (13) (14) (15) (16) .
Few models are concerned with enzyme kinetics that often exhibit important nonlinearities and play an important role in biological processes. Bunow and Colton (17) 
MATERIALS AND METHODS
Preparation of Thylakoids. Thylakoids were prepared from fresh lettuce (Latuca sativa, var. romaine) in a sorbitol buffer (pH 7.6) by the procedure of Epel and Neumann (23) .
Immobilization Procedure. The immobilization process, based on a method using a calcium alginate gel (24) , was modified to obtain films rather than beads. The thylakoid suspension was mixed with an equal volume of a 4% sodium alginate solution in sorbitol buffer ( The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Experimental Device. The experimental system, described in Fig. 1 , is composed of two identical continuously stirred tank reactors (CSTRs) containing the DCIPox substrate solution connected by an inactive cellophane membrane. Immobilized thylakoid membranes are fixed at the bottom of each of the two CSTRs. The incidence of illumination is normal with respect to the immobilized thylakoids, and the source consists of an incandescent halogen lamp (100 W, 12 V; Spindler and Hoyer, K. G.). Two filters are placed between the light source and the thermostated reactors: an IR filter that absorbs radiation beyond 800 nm and a red filter that provides a sufficient cutoff of radiation below 580 nm. Under these conditions, the light intensity is initially absorbed by the DCIPoX in the solution, according to a classical BeerLambert relationship. The resultant light intensity at the membrane-solution interface excites the thylakoid system, leading to the reduction of the DCIPox. The outlet DCIPox concentration is followed spectrophotometrically (Beckman DBT) at two wavelengths: 600 nm for DCIPOX concentrations between 0 and 0.01 mM and 670 nm (6670 = 9.9 mM'-cm-1) for DCIPox concentrations between 0.01 mM and 0.20 mM. All experiments were carried out at 23°C under continuous rapid stirring and nitrogen bubbling to avoid spontaneous reoxidation of DCIPred by oxygen.
Numerical Methods. All the parameter-dependence diagrams presented in this work were obtained by using the software package AUTO, a program for the automatic bifurcation analysis of autonomous systems (25) .
DESCRIPTION OF THE MODEL
Derivation of the Reaction Term Under Closed Conditions.
The rate of photoreduction of DCIPOX without absorption of light has been studied as a function of both the DCIPOX concentration, A, and the light intensity, at the surface of the thylakoid membrane, I. The global behavior of the system Finally, the expression of the photoreduction rate, f(A, I), is a combination of Eqs. 1 and 3.
The Two-Cell System Under Open Conditions. The evolution of the DCIPOX concentration, dA/dT, in each compartment will be the result of (i) its flow in and out of the CSTR (Eq. 4), (ii) its diffusion across the membrane (Eq. 5), and (iiM) its consumption by the reaction:
dT /flow Vr [4] where Ao is the DCIPOX inlet concentration, D is the flow rate, and vr is the volume of the cell. Throughout the following treatment, subscripts 1 and 2 related to A (and I) will refer to cell 1 and 2, respectively.
( dT ) (A2 -fA1), [5] where DA is the diffusion coefficient of species A across the membrane and e and Q are the thickness and the surface area of the membrane separating the two cells, respectively. Fig. 2 . The S-shaped primary curve (as indicated by "PC") contains two stable branches and a single unstable branch. The solutions along the primary curve are symmetric (i.e., a, = a2 = a). Thus, these steady states are simply solutions of (ao-a)-qf(a,i)=O. [9] Consequently, the curve is invariant with respect to X, the ratio of transport terms for the system.
In this system of two coupled cells, for a, and a2 concentrations not equal, the interesting new feature is the emergence of a secondary closed curve. This secondary curve intersects the primary curve at two bifurcation points (bps) located on the unstable branch of the primary curve (bpl and bp2). This bifurcated curve consists of asymmetric solutions (a, 7 a2 except at the bps) of which those portions of the curve between limit points (lps) lpl and lp2 on the upper branch and lp3 to lp4 on the lower branch are stable. Consequently, given a particular value of ao (for example, a0 = 0.134 for X = 0.1 as indicated in Fig. 2) , the system may exhibit four different stable solutions: two symmetric steady states [(a and A in Fig. 2) Fig. 2 ), a, 7 a2] from the secondary curve. Although a, was chosen as the ordinate variable in Fig. 2, a2 would likewise have been sufficient since the two asymmetric steady states are related through Eqs. 7 and 8. The same qualitative behavior was observed when io, rather than ao, was taken as the control parameter.
As these asymmetric stable steady-states do not arise spontaneously in such a system, it was necessary to develop methods to reach these asymmetric states experimentally.
We chose to focus on the variation of internal parameters (a, and a2) or on the perturbation of the external parameters of the system (ao and io). or asymmetric (i), can be determined by tracing the "nullclines" G(al, a2) = H(al, a2) = 0 in the phase plane, as shown in Fig. 3 . Consequently, the choice of an initial (a1, a2) concentration couple will determine the final steady state of the system. By using this approach, asymmetric steady states are thus observed experimentally (Fig. 4) [11] where ,u and 4 stand for the perturbations upon a0 and io, respectively, and may take any positive or negative value such that the parameters retain physical significance. We consider the case where 4 = 0 and 4 is varied; all other parameters are held constant. The steady-state solutions of Eqs. 10 and 11 with respect to a, and a2 as a function of u are given in Fig. 5 . Each curve gives the steady-state concentration, a, in each compartment when one external concentration is varied (Ifla = a2 -a,). Each curve is composed of nine branches, four of which are stable.
The stable steady-state solutions a, and a2 corresponding to the unperturbed system are obtained for ,t = 0. The corresponding four solutions denoted as S1, B1, B2, and S2 are identical to those presented in Fig. 2 (aO = 0.143) . Clearly, Si and S2 are the stable upper and lower solutions (a, = a2), while B1 and B2 are the stable structured (asymmetric) solutions (a1 a2).
This diagram indicated how to vary Au in order for the system to reach B1 and B2 when starting from Si (or S2): by decreasing ;L, a, (respectively, a2) will decrease monotonously down to the limit points C1 (respectively, C2) ( S1 (A) and S2 (A) and the asymmetrical ones B1 and B2 (a) are represented for IA = 0-that is, for the unperturbed system. The path followed by the steady state a1, when ,u is consecutively decreased and increased, is symbolized by arrows: a complete hysteresis loop will be described by following first the path Si --C1 -D --B1 (asymmetrical steady state) and next B1 El --Sl Simultaneously, the steady state a2 will follow the path S1 -+ C2 D2-B2 E2-F2 --S1 in which B2 is the asymmetrical steady-state associated to B1. Fig. 6 Upper. The same qualitative behavior can be observed (Fig. 6 Lower) by varying the incident light intensity above one cell (tt = 0; -0.9 < e < 0). In these two experiments, the creation of a sufficiently large external perturbation on one cell's boundary leads to the appearance of an asymmetry of the concentration between the two compartments. This asymmetry remains even after suppression of the perturbation. The bifurcation diagram shown in Fig. 5 also suggests that the only way for the system to return to its initial symmetric state Si is to vary parameter IL so that ,u > 0, allowing a, and a2 to exceed limit points E1 and E2 and to jump to points F1 and F2, respectively. It is possible, by then decreasing tt back to a value of 0, that a, and a2 will return to point S1.
The successive different steady states (a, and a2) reached in each cell when 1i is increased and decreased are of particular interest. In Fig. 7 acids or bases combined with the sensitivity of enzymes to pH (27, 28) or by the reversible inhibition of enzyme activity by excess of substrate. In the system presented here, the nonlinearity in the reaction term is not an intrinsic property of the reaction or the catalyst but arises from the association of two processes that, when taken separately, are monotonous functions of the concentrations of the reactants. Crell and Ross (29) and Zimmermann and Ross (30) have described photochemical systems qualitatively similar. Thus, the phenomena we describe in this paper are able to occur with many systems containing the same type of nonlinearities. Therefore, it is possible that the generation of sustained asymmetries is a general and widespread phenomenon, which may be involved (even partly) in various processes such as active transport, membrane permeability, and differentiation between subcellular compartments or cells.
